Frequent positive selection is a hallmark of genes involved in the adaptive immune system of vertebrates, but the incidence of positive selection for genes underlying innate immunity in vertebrates has not been well studied. The toll-like receptors (TLRs) of the innate immune system represent the first line of defense against pathogens. TLRs lie directly at the host-environment interface, and they target microbial molecules. Because of this, they might be subject to frequent positive selection due to coevolutionary dynamics with their microbial counterparts. However, they also recognize conserved molecular motifs, and this might constrain their evolution. Here, we investigate the evolution of the ten human TLRs in the framework of these competing ideas. We studied rates of protein evolution among primate species and we analyzed patterns of polymorphism in humans and chimpanzees. This provides a window into TLR evolution at both long and short timescales. We found a clear signature of positive selection in the rates of substitution across primates in most TLRs. Some of the implicated sites fall in structurally important protein domains, involve radical amino acid changes, or overlap with polymorphisms with known clinical associations in humans. However, within species, patterns of nucleotide variation were generally compatible with purifying selection, and these patterns differed between humans and chimpanzees and between viral and nonviral TLRs. Thus, adaptive evolution at TLRs does not appear to reflect a constant turnover of alleles and instead might be more episodic in nature. This pattern is consistent with more ephemeral pathogen-host associations rather than with long-term coevolution.
Introduction
Toll-like receptors (TLRs) recognize and bind conserved molecular motifs in pathogens to initiate an innate immune response and to prime the adaptive immune system (Akira and Takeda 2004) . TLRs have received considerable attention recently because of the discovery of many polymorphisms in humans associated with susceptibility or resistance to both infectious and complex diseases, including autoimmune disorders Hawn et al. 2003 Hawn et al. , 2005 Lazarus et al. 2004; Schroder and Schumann 2005; Johnson et al. 2007) . TLRs are also interesting from an evolutionary point of view because they lie directly at the host-pathogen interface. Thus, they have the potential to be subject to coevolutionary dynamics. However, they have also been cited as an example of evolutionary conservation and strong functional constraint (Roach et al. 2005) .
Although there is some overlap in the classes of ligands they recognize, TLRs expressed within endosomal compartments (TLR3, TLR7, TLR8, and TLR9) target predominantly viral components such as single-and double-stranded RNA and CpG DNA, whereas TLRs expressed in the cell membrane (TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10) target predominantly bacterial (but also fungal and parasite) components such as lipopolysaccharide (LPS), peptidoglycan, and flagellin (Akira et al. 2006; Carpenter and O'Neill 2007) . We will refer to these two subclasses as viral and nonviral TLRs. Viral and nonviral TLRs might be subject to different evolutionary pressures. Although vertebrate nucleic acids usually have chemical modifications that reduce the likelihood of activating TLRs (Kariko et al. 2005) , they can sometimes induce an autoimmune response. Viral TLRs face the challenge of remaining functional while avoiding autoimmunity, and thus, we hypothesize that they are under stronger functional constraint than nonviral TLRs.
Despite several studies on the evolution of TLRs in humans and nonhuman primates, a clear picture of the evolution of this gene family has not emerged, in part because previous studies have generally focused on a subset of the TLRs or have been sampled within species or between species, but not both. For example, Ferrer-Admetlla et al. (2008) concluded that balancing selection is the best explanation for the pattern of sequence variation in a series of human innate immunity genes that included five TLRs. In contrast, Mukherjee et al. (2009) studied six TLRs and found no evidence of selection in a human population from India. They argued that purifying selection is the predominant force in TLR evolution in agreement with an earlier study of TLR4 (Smirnova et al. 2001) . Barreiro et al. (2009) studied patterns of variation at all ten TLRs in three human populations and found no evidence of positive selection acting at most TLRs. At the interspecific level, Ortiz et al. (2008) failed to find evidence of positive selection at TLRs among five primate species (except for TLR1), but Nakajima et al. (2008) , using a broader taxonomic sampling, reported that TLR4 has been under selection in Old World primates.
Population samples and interspecific comparisons provide information about evolutionary processes acting over different timescales. Population samples may provide evidence of very recent or population-specific selection. However, the history of pathogenic diseases during primate evolution undoubtedly played a role in shaping the present-day immune system, and the forces acting on immune genes over this deeper timescale can only be studied from interspecific comparisons.
Our goal was to provide a comprehensive picture of TLR evolution in primates over both short and long timescales. We gathered coding sequences for 8-11 primate species per gene from public databases to evaluate positive and negative selection across the primate phylogeny. We also sequenced both coding and noncoding regions of all ten TLRs in a population sample of western chimpanzees and analyzed these data in conjunction with published sequence data for the same genes in humans. In particular, we sought to 1) look for evidence of positive selection both within and between species, 2) compare the behavior of mildly deleterious polymorphisms in two closely related species (humans and chimpanzees) that differ in a number of population characteristics, and 3) investigate the idea that the ''viral'' and ''nonviral'' TLRs might display different patterns of molecular evolution.
We found compelling evidence of recurrent positive selection across primates, but very little evidence of positive selection within humans or chimpanzees. Humans had relatively more polymorphisms predicted to negatively affect protein function than did chimpanzees, consistent with a recent relaxation of constraint or smaller long-term effective population size in humans compared with chimpanzees. Viral TLRs were generally more constrained than nonviral TLRs as predicted by their more complex functional trade-offs.
Materials and Methods

Samples
DNA samples from 19 Pan troglodytes verus from the YChromosome Consortium DNA collection were provided by Dr Michael Hammer at the University of Arizona. Human sequence data (24 African Americans and 23 European Americans) for the same genes sequenced in chimpanzees were gathered from the Innate Immunity Database (https://regepi.bwh.harvard.edu/IIPGA2/).
The sequences of the primate TLRs used in the phylogenetic analyses were taken from Genbank and Ensembl. For each TLR, a subset of 8-11 of the following species was used: Homo sapiens, P. troglodytes, Gorilla gorilla, Pongo pygmaeus, Hylobates lar, H. pileatus, Cercocebus torquatus, Macaca mulatta, Saguinus oedipus, S. fuscicollis, Callithrix jacchus, Aotus nancymaae, Tarsius syrichta, Microcebus murinus, and Otolemur garnetti. The species used for each gene and the accession numbers are presented in supplementary table S1, Supplementary Material online.
DNA Sequencing
For TLR1-TLR4 and TLR6-TLR10, the coding region and a noncoding fragment of comparable length (total ;4-5 kb) were polymerase chain reaction (PCR) amplified and sequenced in 19 P. t. verus. For TLR5, sequence data from Wlasiuk et al. (2009) were used. PCR was performed in 25-50 ll reactions using Platinum Taq High Fidelity DNA Polymerase (Invitrogen, San Diego, CA). PCR products were purified using the Qiagen PCR purification kit (Qiagen, Valencia, CA) and sequenced using an ABI 3700 automated sequencer (Applied Biosystems, Foster City, CA). Amplification and sequencing primers are provided in supplementary table S2, Supplementary Material online. Sequences have been deposited in GenBank under the following accession numbers: TLR1 (GQ343345-GQ343363), TLR2 (GQ343364-GQ343382), TLR3 (GQ343383-GQ343401), TLR4 (GQ343402-GQ343420), TLR6 (GQ343421-GQ343439), TLR7 (GQ343440-GQ343458), TLR8 (GQ343459-GQ343477), TLR9 (GQ343478-GQ343494), and TLR10 (GQ343495-GQ343512).
The human data from the Innate Immunity Database consists of the complete resequencing of all exons (including 5# and 3# UTRs), some intronic sequence, and flanking regions.
Sequence editing and assembly were performed using SEQUENCHER (Gene Codes, Ann Arbor, MI). DNA sequences were aligned using CLUSTAL X (Thompson et al. 1997) . Primate DNA sequence alignments were adjusted based on the protein sequence using the RevTrans Web server (http://www.cbs.dtu.dk/services/RevTrans/).
Codon-Based Analyses of Positive Selection
To evaluate positive and negative selections at all the TLRs during primate evolution, we compared the rate per site of nonsysnonymous substitution (dN) to the rate per site of synonymous substitutions (dS) in a maximum likelihood (ML) framework. A ratio of dN/dS . 1 is interpreted as strong evidence of positive selection, whereas a dN/dS , 1 is evidence of purifying selection.
We tested for positive selection at individual codons in primate samples that include 8-11 species per gene including human, apes, Old World primates, New World primates, and prosimians. For each gene, a neighbor joining or ML tree was used as the working topology. With the exception of a couple of misplaced or unresolved branches, these trees were the same as the accepted phylogeny for these species (Bininda-Emonds et al. 2007 ).
We implemented two alternative models in CODEML (PAML version 4) (Yang 1997 (Yang , 2007 , one of which (M7) only allows codons to evolve neutrally or under purifying selection (dN/dS values 1) and one which (M8) adds a class of sites under positive selection with dN/dS . 1. The two previous nested models were compared using a likelihood ratio test (LRT) with 2 degrees of freedom (Nielsen and Yang 1998; Yang et al. 2000) . To ensure convergence, all analyses were run twice, with starting values of dN/dS of 0.5 and 1.5. For all the analyses, we assumed the F3x4 model of codon frequencies. Amino acids under selection for model M8 were identified using a Bayes empirical Bayes approach (BEB) (Yang et al. 2005) . Because it is inherently more difficult to identify specific sites under selection than to show that a proportion of sites is under Adaptation and Constraint at Primate TLRs · doi:10.1093/molbev/msq104 selection, we considered as candidates sites with a posterior probability .90%.
Next, a series of ML methods proposed by Kosakovsky Pond and Frost (2005) were implemented in the DATA-MONKEY Web server . The single likelihood ancestor counting (SLAC) model is based on the reconstruction of the ancestral sequences and the counts of synonymous and nonsynonymous changes at each codon position in a phylogeny. The fixed-effect likelihood (FEL) model estimates the ratio of nonsynonymous to synonymous substitution on a site-by-site basis, without assuming an a priori distribution of rates across sites. The random effect likelihood (REL) model first fits a distribution of rates across sites and then infers the substitution rate for individual sites. FEL and REL have the advantage that they can improve the estimation of the dN/dS ratio by incorporating variation in the rate of synonymous substitution (Pond and Muse 2005) . Because a reduced number of sequences typically tends to result in a high false-positive rate, we used more stringent significance thresholds than the ones suggested by simulation to correspond to true type I errors of ;0.5% (Kosakovsky Pond and Frost 2005) . We accepted sites with P values ,0.1 for SLAC and FEL, and Bayes Factor .50 for REL as candidates for selection.
For the sites identified as under selection by more than one ML method, the amino acid changes were mapped onto the phylogeny by parsimony using MacClade (Sinauer Associates, Sunderland, MA). Crystal structures or theoretical models were used, when available, to map these residues onto the protein three-dimensional structures using the NCBI application Cn3D.
To explore possible heterogeneity in dN/dS among lineages, we ran ''free-ratio'' models in CODEML (PAML version 4) that allow each branch to have a separate dN/dS value while keeping variation among sites constant (Yang 1998 ).
Population Genetic Analyses
For both the human and the chimpanzee data sets, we estimated nucleotide heterozygosity, p (Nei and Li 1979) , and the proportion of segregating sites, h w (Waterson 1975) . The script ''compute'' from the libsequence library (Thornton 2003 ) was used to calculate Tajima's D (Tajima 1989 ), Fu and Li's D* and F* (Fu and Li 1993) , and Fay and Wu's H (Fay and Wu 2000) . These statistics evaluate deviations of the allele frequency spectrum from those expected under neutrality. Coalescent simulations, conditioned on the observed number of segregating sites, were used to generate the null distributions of these test statistics in DnaSP version 5 (Librado and Rozas 2009) .
We quantified the amount of differentiation between human populations (African Americans, European Americans) using F ST calculated for each gene as (p T À p W )/p T , where p T is the nucleotide diversity for both populations combined and p W is the average nucleotide diversity within populations. To obtain significance values, we generated an empirical distribution using 23 genes in the Seattle SNPs database sampled in the same individuals.
The extent of linkage disequilibrium (LD) associated with particular variants in the human HapMap data was evaluated with the integrated haplotype score (iHS) statistic (Voight et al. 2006) . Using Haplotter (http://haplotter .uchicago.edu/selection/), we screened windows of 50 single nucleotide polymorphisms (SNPs) centered on each gene, looking for an accumulation of SNPs with jiHSj . 2, as in Voight et al. (2006) . Levels of polymorphism and divergence were contrasted in two ways. First, the ratio of nonsynonymous to synonymous polymorphisms within humans and within chimpanzees was compared with the ratio of nonsynonymous to synonymous fixed differences between each of the species and macaque (McDonald and Kreitman 1991) . Second, the ratio of polymorphism to divergence was compared between each TLR and a control set of genes using human-chimpanzee divergence (Hudson et al. 1987) with the software HKA (http://lifesci.rutgers.edu/ ;heylab/). In the case of humans, this control set consisted of 50 concatenated noncoding segments from Yu et al. (2002) . In the case of chimpanzees, the control set consisted of 26 concatenated noncoding segments from Fischer et al. (2006) . For both species, the concatenated sets of viral and nonviral TLRs were compared against each other. The use of the macaque sequence as the interspecific comparison in the McDonald and Kreitman (M-K) test provided more power due to increased divergence. In the Hudson, Kreitman, and Aguade (HKA) test, however, we used human-chimpanzee divergence because the lower divergence resulted in more reliable alignments over long regions on noncoding DNA. In the HKA comparisons, the lower divergence was offset by the use of longer sequences.
Prediction of Deleterious Polymorphisms in Humans and Chimpanzees
To identify sites under purifying selection within species, we predicted the functional consequences of human and chimpanzee polymorphisms using a method described by Sunyaev et al. (2001) and implemented in the Polyphen Web server (http://genetics.bwh.harvard.edu/pph/). Polyphen uses a combination of structural information, sequence annotation, and patterns of sequence conservation among species to classify polymorphisms as ''benign'' (no predicted effect on protein function), ''possibly damaging'' (weak evidence of an effect on function), or ''probably damaging'' (strong evidence of a functional effect). We recognize, however, that some (presumably a small fraction) of the amino acid changes predicted by Polyphen as ''damaging'' could actually improve protein function.
Relative Levels of Purifying Selection among Genes and Protein Domains
To assess the relative levels of functional constraint among the genes and the different protein domains (signal peptide, leucine-rich repeat domain [endosomal or extracellular], transmembrane domain, and cytoplasmic domain), we estimated the global dN/dS for each gene and domain separately using the M 0 site model (no variation among branches or sites) in CODEML. We used the domains inferred by Matsushima et al. (2007) . We also estimated the dN/dS ratio of the human and chimpanzee lineages separately using the macaque sequence as an outgroup.
Results
Inference of Positive Selection from Substitution Patterns
Using ML approaches, we addressed whether recurrent positive selection has been common in the TLR gene family. First, we compared nested models with and without positive selection using LRTs and found that for six of the ten genes (TLR1, TLR4, TLR6, TLR7, TLR8, and TLR9), a model that includes sites with dN/dS . 1 fits the data significantly better than a neutral model (table 1). This group of six genes contains an equal number of viral and nonviral receptors. For each of these six genes, the proportion of sites under selection according to the M8 model was relatively low. The specific codons identified by the BEB approach with a posterior probability of 90% constitute an even smaller fraction of that proportion (table 1) .
The other ML methods also detected sites under selection for the six genes, some of which coincide with the codons previously identified by M8. To identify robust candidates for sites under selection, we considered sites with evidence of selection in at least two of the ML methods. Each of the six genes presents at least one site that was concordant among methods (table 1) .
TLR4 stands out because the proportion of selected sites under M8 (15% with a dN/dS ratio of ;2.4) is the highest among the six positively selected genes. Using the data set from Nakajima et al. (2008) , which consists of a smaller fragment (;600 bp) of the extracellular domain in 20 primate species, we repeated the analyses above and also rejected a neutral model in favor of a model with selection. Several of the putative sites under selection are shared between the two data sets (table 1) .
To gain insight into the functional significance of the putatively selected sites, we looked at the location of all the sites identified by ML methods in three-dimensional structures (crystal structures or theoretical models) when available. For most TLRs, we found several sites that fall in or immediately adjacent to regions or residues postulated to affect function (table 2). Figure 1 shows the location of the selected residues in the crystal structures of the extracellular domains of TLR4 (which forms a homodimer) and of TLR1 (which forms a heterodimer with TLR2). The evidence for positive selection is particularly strong for these two genes. For both, numerous sites are identified as positively selected by different methods (table 1) . Moreover, some of these sites are known to participate in dimerization or ligand binding.
To examine the phylogenetic distribution of the inferred positively selected changes among the main primate clades (lemurs, New World primates, Old World primates, and apes), we mapped the unambiguous amino acid substitutions onto the phylogeny only including sites that were implicated in positive selection in two or more methods (table 1) . We compared the observed and expected counts for each clade, where the expected values were obtained by multiplying the number of unambiguous changes in a clade by its relative divergence time (sum of all branches in a clade divided by the sum of all branches in the entire phylogeny). TLR8 was not included in this analysis because of the low number of unambiguous amino acid changes and the lack of a New World primate sequence for that gene. For four of the five remaining genes, the phylogenetic distribution of positively selected substitutions did not differ significantly from the null model. At TLR4, however, we found an excess of positively selected changes in Old World primates (P 5 0.004, data not shown) and more specifically in the C. torquatus branch, where 5 of the 31 nonambiguous changes fall ( fig. 2) . For TLR4 therefore, we also investigated models that allow the dN/dS ratio to vary among lineages. We found that the best-fit model that accommodates heterogeneity in the rates of protein evolution had five different rates (data not shown). Although not significantly better than the five-rate model, the most complex model that assigns a different rate to every branch in the phylogeny helps to evaluate rate changes in specific lineages. Figure 2 shows the lineage-specific dN/dS values on the TLR4 phylogeny. In line with the observed accumulation of positively selected sites in Catarrhini (the clade that groups Old World primates, apes, and humans), four branches within that clade had dN/dS values above 1.
Levels and Patterns of Variation within Species
In chimpanzees, the nucleotide heterozygosity per site (p) for the coding and noncoding regions together ranged between 0.03% and 0.07% (supplementary table S3, Supplementary Material online), with individual values similar to reported genome-wide averages (Yu et al. 2003; Fischer et al. 2006) . For the coding sequences, the levels of polymorphism were generally lower, with p values between 0.01% and 0.06% (supplementary table S3, Supplementary Material online). In humans, the polymorphism levels in the combined coding and noncoding regions (Africans 0.03-0.23%, Europeans 0.03-0.12%; supplementary table S3, Supplementary Material online) were unremarkable and similar to genome-wide patterns (Akey et al. 2004) .
We used several statistics to assess departures from a neutral model of evolution in the distribution of allele frequencies. Tajima's D compares the number of polymorphisms with the mean pairwise difference between sequences (Tajima 1989 ). Fu and Li's D* and F* compare the number of derived singletons with two different estimators of the overall derived polymorphism (Fu and Li 1993) . Fay and Wu's H compares the number of low-and highfrequency polymorphisms with the number of intermediate frequency polymorphisms (Fay and Wu 2000) .
In chimpanzees, Tajima's D did not differ significantly from neutral expectations for any of the genes, and only 61, 106, 174, 321, 392, 396, 466 66, 174 49, 174, 236, 308, 313, 321, 351, 584, 621, 626, 649 34, 49, 66, 73, 174, 177, 203, 236, 248, 289, 293, 308, 313, 321, 345, 346, 370, 401, 417, 458, 466, 540, 574, 584, 621, 626, 649, 653, 663 TLR2 11 26, 674.56 26, 672.78 3.56 NS 24, 220, 354, 475 24, 32, 37, 52, 63, 127, 177, 185, 220, 221, 235, 267, 270, 275, 276, 321, 324, 326, 331, 354, 376, 390, 403, 424, 453, 475, 490, 500, 636, 770 204, 297, 298, 299, 319, 321, 322, 327, 351, 354, 437, 471, 496, 514, 520, 537, 542, 544, 611 204, 300, 319, 323, 327, 368, 437, 471, 475, 514, 542, 606, 639 75, 96, 139, 184, 186, 201, 204, 216, 229, 269, 271, 274, 292, 295, 296, 297, 298, 299, 300, 308, 319, 321, 322, 324, 327, 331, 349, 351, 365, 368, 371, 394, 402, 410, 415, 423, 437, 450, 460, 468, 471, 474, 475, 487, 494, 496, 505, 514, 517, 520, 521, 533, 537, 542, 544, 561, 566, 606, 611, 616, 626, 639, 673 37, 39, 42, 43, 44, 111, 113, 218, 233, 239, 283, 307, 341, 364, 421, 455, 456, 457, 462, 486, 487, 490, 496, 514, 517, 520, 528, 542, 566, 597, 637, 684, 696, 697, 700, 737, 826, 856, 944 TLR8 9 28, 401.8 28, 394.55 14.5 ** 0.03, 4.20 159, 225, 237, 469, 738, 765 267, 522, 738, 783 three genes (TLR1, TLR2, and TLR6) showed significant deviations in any of these four statistics (supplementary (Fay and Wu 2000) . Gene flow between chimpanzee subspecies is probably rare, but introgression has been described previously (e.g., Won and Hey 2005) , and it seems a plausible explanation for the observed pattern.
In humans, the distributions of allele frequencies (supplementary table S3, Supplementary Material online) were in overall agreement with the accepted demographic history of Africans and Europeans (i.e., a population expansion in Africans that resulted in greater numbers of rare polymorphisms, and a bottleneck in Europeans that resulted in greater number of intermediate frequency polymorphisms). To take population-level effects into account, we compared Tajima's D at each TLR to the empirical distribution of Tajima's D in 132 genes sampled in the same individuals (Akey et al. 2004 ). The same was done for Fu and Li's D* and F* and Fay and Wu's H. In spite of the observation of several significant values (supplementary table S3, Supplementary Material online), with the exception of TLR10, most of the genes do not seem remarkable in the context of the genome-wide distributions of these statistics ( fig. 3 ). TLR10 shows a departure from neutrality in Europeans for all four statistics, and the deviation is in the opposite direction of that expected from the demographic history of Europeans. Similar to TLR6 in chimpanzees, the excess of low-and high-frequency derived mutations at TLR10 in humans is caused by a divergent haplotype that is present in only one copy in Europeans but is relatively frequent in Africans (supplementary table S5, Supplementary Material online), suggesting that population structure and migration may explain the observed patterns.
Selection can act to maintain the same alleles in different populations or to fix different alleles in a population-specific manner, leading to very low or very high population differentiation, respectively. We estimated F ST between human populations for each TLR and compared this with the empirical distribution of F ST for all the genes in the Seattle SNPs database (supplementary table S6, Supplementary Material online). None of the TLRs fall in the lower or upper 5% of the distribution. TLR9 showed the lowest level of differentiation among TLRs (F ST 5 0.014), but approximately 9% of the genes have lower F ST values than TLR9. TLR1 had the highest F ST value (0.085), but this was close to the genome-wide average (0.07). Another signature of recent positive selection is the presence of an extended haplotype at relatively high frequency, associated with a selected allele. We tested for long-range LD in the phase II HapMap data using the iHs (Voight et al. 2006) . iHs is based on the ratio of the integrated haplotype homozygosities (the area under the curve of a extended haplotype homozygosity by distance plot) of the ancestral and derived alleles at a specific SNP. None of the TLRs display an unusual accumulation of SNPs with high iHs, as would be expected under ongoing or recent selection.
Analyses of Polymorphism and Divergence
The ratio of replacement to silent polymorphism within humans or chimpanzees was compared with the ratio of replacement to silent fixed differences with macaque. None of the genes, individually, nor combined, deviated significantly from the neutral expectation of equal replacement to silent ratios within and between species (table 3). Several genes, however, show a slight excess of replacement polymorphisms with respect to fixations. This can be summarized using the neutrality index (NI), a ratio of the replacement to silent ratios within and between species (Rand and Kann 1996) . NI values above 1 indicate an excess of replacement changes within species, whereas values between 0 and 1 indicate an excess of replacement fixations between species. The average NI for nonviral TLRs (1.41) is higher than the average value for viral TLRs (1.15; table 3). This is consistent with the pattern reported by Barreiro et al. (2009) for different populations using a modification of the M-K framework. Most of these replacement polymorphisms are at low frequency, resulting in average values of Tajima's D that are slightly but not significantly more negative for replacement sites than for silent sites in humans and chimpanzees (data not shown), as previously reported for other genes (Hughes et al. 2003 ). We also used the HKA test to assess whether individual TLRs have been subject to positive selection. Only TLR1 showed a weak but nonsignificant excess of polymorphism relative to divergence (HKA v 2 5 3.5, P 5 0.06). No significant deviations were observed for the chimpanzee TLRs (supplementary table S7, Supplementary Material online). Viral and nonviral subsets were not significantly different from each other.
Functional Consequences of Replacement Polymorphisms
Several methods have been developed to computationally predict the functional consequences of replacement polymorphisms (reviewed in Ng and Henikoff 2006) . In humans, we found a total of 11 probably damaging, 20 possibly damaging, and 31 benign polymorphisms, whereas in chimpanzees, we found 3 probably damaging, 3 possibly damaging, and 19 benign polymorphisms (table 4). The proportion of Adaptation and Constraint at Primate TLRs · doi:10.1093/molbev/msq104 probably damaging/possibly damaging/benign SNPs was different between human and chimpanzee TLRs, with a marginal excess of probably and possibly damaging polymorphisms in humans (P 5 0.07). Interestingly, these ratios are also significantly different between human TLRs and the human genome (P 5 0.02). The excess of damaging SNPs in human TLRs is more evident for the nonviral TLRs, although the viral TLRs show a weaker but similar trend (table 5) . When the probably and possibly damaging polymorphisms were collapsed into one class, the difference between human and chimpanzee TLRs or between human TLRs and the human genome became more significant (table 5) , and for the human TLRs, this difference was driven by nonviral TLRs.
Negative Selection at Viral and Nonviral TLRs
We evaluated the levels of functional constraint among TLRs by estimating the global dN/dS ratio for each gene over the primate phylogeny as well as for the human lineage and the chimpanzee lineage (table 6). In each case, nonviral TLRs displayed a faster average rate of evolution than viral TLRs. Because of the low divergence between humans and chimpanzees, there is little statistical power in comparisons involving these lineages, but the average dN/dS for viral TLRs was significantly lower than the average dN/dS for nonviral TLRs across the primate phylogeny (t test P 5 0.007). This indicates that viral TLRs are under stronger purifying selection than nonviral TLRs. The domain-specific dN/dS values show that on average, the leucine-rich repeat domain evolves faster than the signaling domain. This pattern is shared between viral and nonviral TLRs. On the other hand, the signal peptide and transmembrane domains show a higher dN/dS than the other domains.
Discussion
We analyzed the patterns of divergence among primates and of polymorphism in humans and chimpanzees for the entire TLR family with the goal of providing a general picture of the evolution of TLRs over different timescales. A summary of these results is provided in supplementary table S8, Supplementary Material online. We found a clear signature of positive selection in the rates of substitution across primates in most TLRs. However, within species, the patterns of nucleotide variation were generally compatible with purifying selection. Thus, adaptive evolution at TLRs is not necessarily characterized by a constant turnover of alleles, as predicted by an arms race model of coevolution but might be more episodic in nature. We found that humans had a higher proportion of deleterious mutations than chimpanzees. We also found that viral TLRs were under stronger purifying selection than nonviral TLRs.
Recurrent Positive Selection is Common in Primate TLRs
Our analyses provide strong evidence that several TLRs have been subject to positive selection during primate evolution. Neutral models of evolution were rejected for six of the ten genes, and several ML methods identified specific codons with a high probability of being under selection. In comparison, Dean et al. (2008) found that only 3.4% of 6,110 reproductive genes showed evidence of recurrent positive selection in five mammalian species using a similar approach. Positive selection at TLRs may also account for the relatively high dN/dS values averaged over the entire tree (table 6) in relation to the mean dN/dS of 0.25 for the human-chimpanzee-macaque trio (Gibbs et al. 2007 ). Finally, several of the putatively selected sites fall in regions important for function based on structural information. The fact that the codon-based approaches only detect selection acting on the same sites repeatedly makes these conclusions conservative. An open question is whether the innate immune systems of vertebrates and invertebrates are under similar selective pressures. In vertebrates, the acquisition of adaptive immunity might have altered the evolutionary pressures on innate immunity genes. In Drosophila, pattern recognition receptors display more evidence of positive selection across species than other innate immunity genes (Sackton et al. 2007 ). Here, we showed that six of ten TLRs have been subject to positive selection in vertebrates in contrast to the prevailing view that TLRs are largely conserved (Roach et al. 2005) . Nonetheless, it is important to bear in mind that even for these six positively selected genes, only a small proportion of sites show evidence of selection, whereas much of each gene shows strong functional constraint. This is essentially the same pattern we reported earlier for TLR5 (Wlasiuk et al. 2009 ). In the present study, we failed to find evidence of selection on TLR5 using fewer species. This is not particularly surprising given that the power to detect recurrent selection with codonbased approaches depends on the number of taxa, and the present study focused on more genes but fewer species.
The strongest evidence for positive selection was seen at TLR4 and TLR1. At TLR4, 24 codons (table 1) were concordant between at least two ML methods and thus constitute robust candidates for positive selection. Some of the nonambiguous amino acid changes at these sites are radical in terms of their physicochemical properties (size, polarity, and charge) ( fig. 2 ) strengthening the case for positive selection. In association with the myeloid differentiation factor 2 (MD2), TLR4 not only responds to LPS from Gram-negative bacteria but also targets components of yeast, Trypanosoma, and even viruses (Kumar et al. 2009 ). The crystal structure of the extracellular portion of the TLR4-MD2 complex has been resolved (Park et al. 2009) , and several of the putative sites under selection (295, 297, 298, 299, 300, and 360) are in a region that participates in interactions between TLR4, MD2, and LPS ( fig. 1) . Moreover, many of the observed amino acid changes affect polarity or charge (fig. 2 ). Site 296, identified by REL but not by other methods, directly participates in the binding of LPS to TLR4 by forming a hydrogen bond with the inner core of LPS (Park et al. 2009 ).
TLR1 interacts TLR2 for the recognition of triacyl lipopeptides from Gram-negative bacteria (Takeuchi et al. 2002) and also showed extensive evidence of recurrent positive selection. In this case, 12 sites appear robust among analyses. Of these, Site 313 falls directly in the ligand- binding site of the extracellular domain, although Sites 308 and 321 are also in close physical proximity to the ligandbinding site in the three-dimensional structure of the dimer (Jin et al. 2007 ) ( fig. 1 ).
We observed a concentration of positively selected sites at TLR4 in Catarrhini, both when we looked at variation of dN/dS along lineages and among sites, in agreement with previous reports (Nakajima et al. 2008) . Similarly, the branches with dN/dS . 1 in TLR1 and TLR8 are found among Old World primates and apes (data not shown). Stronger signals of selection in these groups have also been observed in antiviral genes such as APOBEC3G, TRIM5, and PKR (Sawyer et al. 2004 (Sawyer et al. , 2005 Elde et al. 2009 ), suggesting that these radiations might have been associated with major changes in pathogen abundance, diversity, or both.
Interestingly, some of the sites with evidence of recurrent positive selection are polymorphic in humans and have been reported to be associated with different phenotypes. For example, TLR4 D299G has been linked to differences in responsiveness to LPS , susceptibility to bacterial infections (Kiechl et al. 2002) , and higher prevalence of asthma (Bottcher et al. 2004 ), whereas TLR1 S248N shows a weak impairment in response to bacteria in vitro , but see Hawn et al. 2007; Barreiro et al. 2009 ) and has been reported to confer increased risk of leprosy (Schuring et al. 2009 ) and atopic asthma (Kormann et al. 2008) .
In spite of the evidence for selection documented here, the selective agents that have shaped TLR evolution are not easy to pinpoint. Because TLRs recognize molecular patterns shared by general classes of microorganisms, the variety of microbes that TLRs can target is large.
No Clear Evidence of Selection within Species
Very little information is available about polymorphism in wild populations of apes, and most efforts have been directed toward sequencing putatively neutral regions of the genome to infer historical demography (e.g., Yu et al. 2003 Yu et al. , 2004 Fischer et al. 2006 ). However, from both an evolutionary and a medical perspective, it is important to understand how two closely related species with very different ecologies differ in a set of genes that constitute the first defense against pathogens. Despite their different habitats, life history, and population attributes likely to affect exposure to pathogens, overall patterns of nucleotide variation at TLRs were fairly similar in humans and chimpanzees.
We found no strong evidence of positive selection at TLRs within species from consideration of the distribution of allele frequencies, patterns of LD, F ST , or relative levels of polymorphism and divergence. Although some genes showed weak departures from neutral expectations in the distribution of allele frequencies in humans (supplementary table S3, Supplementary Material online), these deviations generally disappeared when the effects of demography were taken into account ( fig. 3) . The evidence of positive selection in interspecific comparisons but not within humans or chimpanzees suggests that selection might be episodic. Positive selection might be more episodic if most infections are sporadic rather than caused by pathogens that establish more permanent or stable associations with their hosts.
Nonetheless, several previous studies suggested that segregating variants at the TLR6-TLR1-TLR10 cluster could be under selection. Burton et al. (2007) reported high differentiation among British people for a SNP in the TLR6-TLR1-TLR10 cluster, and TLR1 N248S presents striking north-south clinal variation (Todd et al. 2007 ). Barreiro et al. (2009) concluded that TLR1 I602S has been the target of selection in non-Africans based on extreme differentiation, reduced polymorphism, long-range haplotype homozygosity, and functional assays. Finally, SNPs in this region have been linked to disease phenotypes (Zhou et al. 2006 ; Hawn et al. 2007; Johnson et al. 2007; Ma et al. 2007; Stevens et al. 2008) . Given these observations, we cannot discard the possibility that geographically restricted selection, perhaps in conjunction with a more complicated demographic history has shaped the observed patterns of variation at these loci.
Relaxed Selection at Human TLRs
We predicted computationally the degree of functional disruption caused by each SNP in the human and chimpanzee TLRs and found a striking difference in the relative proportion of damaging to benign SNPs between species. Human TLRs showed a higher ratio of damaging/benign changes (1:1) compared with chimpanzees (1:3) or with the human genome as a whole (1:2). We note, however, that the smaller sample size in chimpanzees could bias against sampling low-frequency polymorphisms. The excess of damaging changes in human TLRs compared with the human genome and chimpanzee TLRs suggests a very recent relaxation of selective constraint on TLRs in the human lineage. If purifying selection had been relaxed a long time ago, we would expect a consistent increase in dN/dS in the human lineage, but this is not seen. For neutral mutations, an estimate of their age based on their frequency is given by E(t) 5 (À2q)(lnq)/(1 À q), where age is measured in units of 2N generations (Kimura and Ohta 1973) . Assuming that N 5 10,000 and the generation time is 25 years, we estimated that the youngest replacement mutations in our sample are ;50,000 years old. This time frame is inconsistent with very recent changes in sanitary conditions or changes associated with the advent of agriculture. However, the variance associated with this estimate is large. The migration of modern humans out of Africa around 50,000 years is roughly coincident with the estimated age of the low-frequency replacement changes and suggests that the extreme reduction in population size associated with this migration (Garrigan et al. 2007 ) might have resulted in a relaxation of purifying selection. Lohmueller et al. (2008) showed that Europeans carry a significantly higher proportion of deleterious polymorphisms than Africans, supporting this idea.
Viral Receptors Are under Stronger Purifying Selection
We uncovered consistent differences between viral and nonviral TLRs that imply that viral TLRs are under stronger evolutionary constraint. Viral TLRs showed lower levels of polymorphism and lower rates of protein evolution than nonviral TLRs. Viral TLRs also have a smaller proportion of damaging polymorphisms in both human and chimpanzees. This suggests that viral TLR polymorphisms are mostly neutral, whereas nonviral TLRs also segregate some slightly deleterious polymorphisms. This observation is in line with the NI, which revealed a weak excess of replacement polymorphisms in nonviral TLRs. Most of these polymorphisms are rare, suggesting that they have mildly deleterious effects. Similar results were obtained by Barreiro et al. (2009) , who also reported consistent differences between the two classes of receptors based on the pattern of nonsynonymous polymorphisms and their predicted functional effects in African, European, and Asian populations.
Despite these differences, the domain-specific patterns of negative selection revealed important similarities between viral and nonviral receptors. For both, the cytoplasmic region that contains the signaling domain is the most constrained portion of the protein, followed by the leucinerich repeat domain containing the pathogen recognition site. All TLRs except for TLR3 signal through the MyD88 pathway (reviewed in Kumar et al. 2009 ). Moreover, MyD88 has relative low rates of protein evolution between species, and one possibility is that sharing this interacting partner results in a lower degree of flexibility.
Viral and nonviral TLRs have important biological differences in terms of their ligands, localization, and potential for self-reactivity that might help to explain their differences in patterns of molecular evolution. Nonviral TLRs localize in the cell membrane to recognize lipids, flagellin, and other molecules (mostly of bacterial origin) that are absent in the host. Viral TLRs, on the other hand, locate intracellularly to recognize nucleic acids mostly from viruses. Unlike TLRs expressed in the cell membrane, viral TLRs remain in the endoplasmic reticulum in a resting state and traffic to endosomal vesicles after ligand-induced stimulation (Latz et al. 2004 ), where they might undergo further processing to produce a functional receptor (Ewald et al. 2008) . Restricted activation of viral TLRs to endosomal compartments has been proposed as an evolutionary strategy to minimize the dangerous encounter with host nucleic acids. Viral recognition by TLRs is based on a nongeneric type of response that needs to be reliable enough to ensure that a correct response is developed, but safe enough to avoid reaction against self-derived nucleic acids, as inappropriate activation can lead to autoimmune disorders (Krieg and Vollmer 2007) . This delicate trade-off might constrain the evolution of viral TLRs and help to explain the observed patterns.
Supplementary Material
Supplementary tables S1-S8 are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals. org/).
